Abstract Iron-bearing intermetallic phases formed during solidification of Al-Si casting alloys are known for having detrimental effect on their mechanical properties. This is particularly the case of the b-Al 5 FeSi phase which precipitates as thin and extended plates. Many researchers already studied the factors that could influence the formation of this phase and in most cases it has been concluded that low-level additives (e.g. manganese) may lead to the replacement of the beta phase with other intermetallics that are less harmful because of being more compact.In this preliminary work, differential thermal analysis (DTA) was used to study the effect of cooling rate (0.2-40°C/min) on beta phase formation in Al-6.5Si-1Fe alloy. The effect of cooling rate on the characteristic temperature for phase changes was described and compared to literature information. The beta phase was then characterized using scanning electron microscopy and X-ray tomography. Metallographic analysis showed the phase morphology was heavily affected by the cooling rate, and parameters to quantify this have been selected and measured. Moreover, observation also revealed that some alpha phase precipitates at low cooling rate.
Introduction
Aluminum-silicon alloys are widely used as foundry alloys due to their fluidity characteristic and mechanical properties. Alloying elements such as magnesium and copper are usually added to enhance their mechanical properties. However, other elements such as iron are detrimental due to the formation of iron-rich intermetallic phases in interdendritic regions of Al-Si alloys during the solidification process. This is particularly the case of the beta Al 5 FeSi phase. Depending on the iron level in the alloy, Dinnis et al. [1] summarized that the precipitation of beta phase occurs before the (a-Al)-Si eutectic, after it or else together in a ternary eutectic. Work by Franek et al. [2] showed that when the iron level is above 0.7 pct, the beta phase tends to crystallize as large platelets. Lu and Dahle [3] also observed that over 0.7 pct iron, the beta phase forms prior to the eutectic (Al)-Si reaction. Other than the iron content, the morphology of beta phase is influenced by the cooling rate [4, 5] , with its size decreasing when the cooling rate is increased [5] .
Thermal analysis has been applied to understand changes during solidification. The temperature change recorded during the solidification process is plotted against time thus creating a cooling curve. Thermal analysis can be used to evaluate and quantify grain size, level of Si modification, phase transformation temperature and solid fraction [6] . Differential thermal analysis (DTA) has more sensitivity and reliability compared to conventional thermal analysis in particular concerning the scanning rate control. DTA can be used in the same way as thermal analysis, e.g. for solid fraction evaluation [7] .
In the present work, DTA analysis and metallographic observation of Al-6.5Si-1Fe alloy are described. The objective of this study is to characterize the effect of cooling rate on the growth of beta phase.
Experimental
A synthetic hypoeutectic Al-6.5Si-1Fe alloy was prepared into 8 mm in diameter rods by hot extrusion. Samples were then machined into rods of approximately 3.9 mm in diameter and 6 mm in height, and then subjected to DTA using SETARAM -SETSYS apparatus. All experiments were carried out under a low argon flux. The DTA signals were recorded with scanning rates for heating of 0.2, 1, 2, 5, 10 and 17.5°C/min (not presented in this work), and for cooling of 0.2, 1, 2, 5, 10 and 40°C/min. At the end of heating, the samples were held at a upper temperature of 650°C for 10 min, except for sample with cooling rate of 40°C/min when the upper holding temperature was 670°C. Each run was made twice for having samples for metallographic and for tomographic investigation.
The DTA samples were prepared for metallographic observation under SEM and characterization of the beta phase was achieved with a magnification of 100. Images were recorded by dividing the sample cross section into rows and columns. The 2D image analysis was carried out with Aphelion software (ADCIS). The analysis was performed for 2D volume fraction and beta phase length analysis.
Furthermore, X-ray tomograms were obtained using a GE Phoenix Nanotom 180. A monochromatic beam with energy of 80 KeV was transmitted and produced 1,440 images as the specimen underwent a 360°rotation (2.5 lm/voxel). An image stack of volume was constructed using Datos X (Pheonix X-ray system) and VG Studio Max (Volume Graphic GmbH, Germany). ImageJ (National Institute of Health, USA) was further used to reconstruct and visualize the 3D image with region of interest of 1,600 9 1,600 9 800 voxels. For 3D volume fraction, the volume was divided into 8 parts, with 100 voxels in Z direction for each sub volume. Median filter, threshold and dilation were used to separate the beta phase from the Al matrix.
Result and Discussion
All DTA records showed the same pattern regardless the scanning rate, although the thermal arrests become wider as the scanning rate increases. Figure 1 shows the DTA thermogram upon cooling for a scanning rate of 2°C/min.
Three solidification reactions occur successively at decreasing temperature. The nucleation of (a-Al) dendrites (refer to point a in Fig. 1 The characteristic temperatures recorded on the DTA thermograms obtained upon cooling are plotted in Fig. 2 as a function of the cooling rate. Doted lines have been drawn through the points at low cooling rate to ease reading of the figure. It is seen that the thermal arrests shift to lower temperature as the scanning rate is increased. The main reason for this is heat transfer resistance [8] , though phase transformation kinetics may sometimes have an effect.
It is noted in Fig. 2 that the start and peak temperatures for the final eutectic reaction extrapolate to nearly the same temperature. This temperature is 571°C, which is 5°C below the assessed eutectic temperature at 576°C. This difference is certainly due to the DTA cell, and all temperature should be increased by 5°C. The liquidus of the alloy is thus experimentally found at 616°C which is close to the value of 617.6°C that can be calculated according to a previous assessment [9] .
It is worth noting that the thermal arrest for beta phase precipitation is shifted close to the final eutectic reaction at high cooling rate such as 40°C/min. In such a case, the beta phase becomes associated to the ternary eutectic rather than being pre-eutectic according to the definition proposed by Dinnis et al. [1] . Concerning beta precipitation, it was also observed that the onset and the peak temperatures differ by 2°C for a cooling rate of 0.2°C/min and by 4°C for a cooling rate of 10°C/min. The initial growth of the beta phase is thus very rapid as already reported by Wang et al. [10] . This result shows also that most of the precipitation of beta phase occurs in a narrow temperature window. Metallographic analysis of the samples showed the presence of beta phase, eutectic (a-Al)-silicon and (a-Al) matrix. The influence of the cooling rate on the morphology of the beta phase is illustrated in Fig 3. For the sample with cooling rate of 0.2°C/min, the beta phase appears as long and thick needles in 2D view (X-ray tomography showed them to be plates, see below). At 40°C/min, the size of the beta precipitates is dramatically reduced as seen in Fig. 3b . Figure 4 shows another iron intermetallic phase forms during solidification at cooling rate of 0.2°C/min. This precipitation could not be detected on the DTA thermogram. Its skeleton appearance is similar to that reported for alpha phase (Al 8 Fe 2 Si). Figure 5 shows the calculated liquidus projection of the Al-Fe-Si phase diagram [9] . The calculated solidification path of the investigated alloy has been superimposed (bold line), it is the same for lever rule and Scheil's model. It is seen that the primary deposition of (a-Al) hits the two-fold (a-Al)-beta line far away from the peritectic reaction L ? Al 8 Fe 2 Si ? a-Al ? Al 5 FeSi. Accordingly, the alpha phase would not be expected to appear. The temperature calculated for the start of beta phase precipitation is 606°C when the maximum value according to the DTA experiments is 600°C (value read in Fig. 2 plus 5°C) . Beta phase thus appears with a significant undercooling which gives some opportunity for alpha phase to nucleate and grow as a metastable phase. The high undercooling necessary for beta nucleation may be related to the inhibition of the peritectic transformation that leads to enhanced alpha phase precipitation in some alloys [11] . This high sensitivity of iron-bearing phases precipitation to cooling rate is further illustrated by the precipitation of the delta phase (Al 9 FeSi 3 ) instead of the beta phase in directionally solidified Al7Si0.9Fe alloy [12] .
Measurements of the 2D volume fraction of beta phase on the DTA samples are reported in Fig. 6 as function of the cooling rate. The bars relate to the standard deviation of the experimental measurements. A slight increase from 2.2 to 2.9 % can be seen which may not be highly significant considering the high scattering of the data at low cooling rates. This scattering shows that the beta phase was not well distributed throughout the sample for low cooling rates, presumably because of less nucleation sites. The measurement made on the sample cooled at 40°C/min showed a more constant volume fraction across the cross section, which in turn is indicative of a better spreading of the nucleation events. For beta phase length calculation, both the average length and the average of the 5 longest particles in each sub-area were considered. This latter method enhances the cooling rate effect on the beta phase morphology as illustrated in Fig. 7 . Increasing cooling rate from 0.2°C/min to 40°C min reduced the maximum length observed from 1,017-264 lm. The result also showed, as the cooling rate increases, the beta phase appeared more homogeneous in length.
X ray tomography was used to obtain 3D images from the reconstruction series of X-ray images. The images were reconstructed by selecting regions of interest (ROI) from different angles and then geometry calibration was performed.
The iron-bearing phase can be extracted due to high difference in atomic weight between Al and Fe and thus X-ray attenuation.
General visualization of the 3D image showed large plates for samples with low cooling rates, as seen in Fig 8. During beta phase growth, the precipitates seem to have bent so as to surround the (a-Al) dendrites that have nucleated and developed earlier in the solidification process. Impingement and branching of large beta phase plates was also observed. Most of the beta phase plates grow laterally, in agreement with previous descriptions by Terzi et al. [13] and Dinnis et al. [14] . The nucleation of the beta phase appeared to occur at the outer surface (skin) of the sample for a cooling rate of 0.2°C/ min, and growth proceeded toward the center. However, with high cooling rate, the initiation appeared dispersed within the volume and the beta particles become much smaller. Observation also showed some small independent beta phase particles that did not develop into large plates. Unfortunately, the image quality and resolution generated by tomography is reduced with smaller size of beta phase. Figure 9 shows the evolution of the volume fraction and of the surface area as evaluated from 3D images. The volume fraction showed the beta precipitates have a consistant value for cooling rate of 0.2°C/min and 1°C/min, while, this value increases at cooling rate higher than 10°C/min. This is tentatively related to the reduction in image quality. As for beta phase morphology, the results show that the average beta phase surface area decreases with increasing cooling rate, as expected. Nevertheless, this decrease might have been dramatically affected by the noise in the image quality.
Conclusion
A study of the effect of cooling rate on the beta intermetallic phase of Al-6.5Si-1Fe alloy by DTA was performed. The characteristic temperatures of the solidification reactions (liquidus, beta precipitation and final eutectic) shifted as the scanning rate changes due to thermal resistance. DTA analysis showed the beta precipitation as pre-eutectic reaction with some undercooling when compared to calculated solidification path. This undercooling may explain that some metastable alpha phase was precipitated during solidification at the lowest cooling rate investigated here. This observation is under further investigation.
Analysis of 3D images show how the beta phase precipitates grow as plates surrounding the primary (a-Al) dendrites. Nucleation initiates from the outer skin surface and growth toward the center for low cooling rates, while the initiation appears dispersed in the bulk as the cooling rate increases. 
